physically interact Ogawa Results et al., 1995) and play a role in spontaneous recombination and X-ray repair of DNA damage, as well as in the G2/M Delay and Adaptation in HO-Cleaved initiation of meiotic recombination (Alani et al., 1990;  Haploid Cells Ivanov et al., 1992; Ogawa et al., 1995) . Deletion of MAT␣ strain JKM179 carries a galactose-inducible HO MRE11, RAD50, or XRS2 significantly reduces the rate gene but is deleted for both HML and HMR donor seof 5Ј to 3Ј degradation of DNA at HO-cleaved DSBs quences; consequently, repair of the HO-induced DSB (Sugawara and Haber, 1992) . However, in homologous at MAT by gene conversion is prevented. When HO recombination the effect of these deletions is primarily endonuclease is continuously expressed, only 1 in 1000 to delay the completion of repair (Sugawara and Haber, cells survives, by altering the HO cleavage site through 1992; Ivanov et al., 1994; Tsubouchi and Ogawa, 1998) .
nonhomologous end joining . In contrast, deleting RAD50, XRS2, or MRE11 causes a End joining depends on MRE11, RAD50, and XRS2 and nearly 100-fold reduction in nonhomologous end repair the yeast Ku homologs HDF1 and HDF2 (Boulton and of HO-induced DSBs (Milne et al., 1996; Moore and HaJackson, 1996; Milne et al., 1996; Moore and Haber, ber, 1996; Tsukamoto et al., 1996a) .
1996; Tsukamoto et al., 1996a Tsukamoto et al., , 1996b Tsukamoto et al., , 1997 , but it does Hdf1p and Hdf2p are the yeast homologs of the mamnot depend on the checkpoint genes RAD9 or RAD17 malian Ku70 and Ku80 (also called Ku86) proteins that (data not shown). have been implicated both in the specific end joining Unbudded (G1) cells grown in YEP-glycerol were mithat occurs during V(D)J recombination in immune cells cromanipulated onto a grid on an agar plate of synthetic and in more general repair of X-ray damage (Weaver, complete galactose medium (COM-galactose), where 1995; Jackson, 1996) . Yeast Hdf1p/Hdf2p, like their mam-HO endonuclease is continuously induced. By 4-6 hr, malian counterparts, exhibit DNA end-binding activity wild-type cells become arrested at a "dumbbell" stage (Feldmann and Winnacker, 1993; Feldmann et al, 1996;  characteristic of G2/M arrest and enlarge in size. HowMilne et al., 1996; Siede et al., 1996) . hdf1 mutants are ever, arrest is not permanent. After a delay of at least slightly more radiosensitive and less able to recover 8 hr, cells begin to divide ( Figure 1A ) and accomplish from double-strand DNA damage induced by expression several cell divisions until all growth ceases ( Figure 1B ). of EcoRI in yeast (Milne et al., 1996; Siede et al., 1996;  Most cells resume growth by 12 hr. Presumably, growth Barnes and Rio, 1997; Lewis et al., 1998) . The absence stops after DNA degradation of essential genes on the of Hdf1p or Hdf2p has little or no effect on homologous HO-cleaved chromosome. Of 110 HO-induced unbudrecombination. hdf1 and hdf2 mutants have a number ded (G1) cells examined microscopically, 70 (64%) deof unexplained pleiotropic effects, including a shortenveloped into microcolonies of 3-12 cells after 48 hr. One ing of yeast telomere sequences and temperature-sencolony grew ( Figure 1B ), presumably because it repaired sitive growth (Boulton and Jackson, 1996; Porter et al., the DSB. G2/M arrest and adaptation in the presence 1996). At 37ЊC, hdf1 cells exhibit an apparent loss of of an unrepairable HO-induced DSB is very similar to normal control of the initiation of DNA synthesis, so that that described for an unrepaired DSB in a rad52 disomic cells have more than a 2C DNA content (Barnes and strain, where loss of the broken chromosome is not Rio, 1997) . Recently, we and others have shown that lethal (Sandell and Zakian, 1993; Toczyski et al., 1997) . the temperature sensitivity of hdf1 and hdf2 deletions In our assay, both Rad ϩ and rad52 cells exhibit similar reflects a defect in telomere maintenance (Boulton and behavior; there was no equivalent delay in subsequent Jackson, 1998; Gravel et al., 1998; Laroche et al., 1998;  cell cycles, suggesting that cells had truly adapted to Nugent et al., 1998) and that this temperature sensitivity the signal triggering arrest, despite the fact that they can be suppressed by overexpressing telomerase genes still harbored a broken chromosome (see below). EST1, EST2, or TLC1 (Nugent et al., 1998) . Although This long delay is under the control of both RAD9 and deletions of Ku and MRE11/RAD50/XRS2 affect end RAD17, two of the G2/M checkpoint genes that monitor joining in apparently similar ways, their roles in telomere repair of DNA damage (Weinert and Hartwell, 1993 ; Lymaintenance are distinct; thus, double mutants such as dall and Weinert, 1995) . rad17 mutant cells do not delay mre11 hdf1 have a more exacerbated phenotype than at G2 but continue dividing until death ensues (Figure either single mutant (Nugent et al., 1998) . 1E). Similar results are observed in strains deleted for Here, we analyze the roles of the Ku and MRE11 fami-RAD9 (data not shown). lies in adaptation to the DNA damage-induced G2/M The effect of a single, lethal DSB is not locus specific. arrest checkpoint. We find that they play antagonistic
In a strain deleted for the HO cleavage site at MAT, we roles based on their effects on 5Ј to 3Ј degradation of inserted a 117 bp HO cleavage site adjacent to the URA3 the ends of DSBs. Failure of hdf1 cells to adapt to the gene on chromosome V. In an HDF1 strain, creating a presence of an unrepairable DSB is suppressed by broken chromosome V ( Figure 2B ) had nearly the same mre11 and rad50 mutations that reduce the rate of effect as cutting MAT on chromosome III ( Figure 2A ): exonuclease digestion. Permanent arrest is also supcells showed an approximately 8 hr delay at the G2/M pressed by a mutation in the large subunit of the essencheckpoint and then resumed growth, dividing one or tial ssDNA-binding protein complex, RPA. We suggest more times before succumbing to the lethal DSB. A that control of adaptation can be understood in terms similar result was found in cells with a DSB induced in of a model in which DNA damage is monitored by an the LEU2 locus on the left arm of chromosome III (data RPA-mediated assessment of the extent of ssDNA degradation.
not shown). hdf1 Cells Fail to Resume Growth after from the fact that hdf1 rad17 cells do show a significant but transient arrest at G2/M before they resume cell HO-Induced G2/M Arrest We examined the effect of deleting HDF1 on G2/M arrest growth ( Figure 2F ). Similar results were found with an hdf1 rad9 double mutant (data not shown). The fact that and on adaptation by plating G1 cells. When HO cut the MAT locus in an hdf1 derivative, 48 out of 50 became rad17 or rad9 each only partially suppresses hdf1 at the first cell cycle arrest point raises the possiblity that there arrested as large dumbbell-shaped cells. In contrast to wild-type cells, these remained permanently arrested at is more than one checkpoint operating in an hdf1 strain and that rad9 and rad17 single mutants do not eliminate this stage after 24 hr ( Figure 1C ) or even 48 hr ( Figure  1D ), where the mother cell especially enlarged until one of these pathways. We found similar results in an hdf1 cell with a single DSB at URA3, on chromosome some cells lysed. Staining of similar cells with DAPI showed that they have a single nucleus in the neck of V. Again, virtually all cells became permanently arrested in G2 ( Figure 2D ). Analogous results were found with a the greatly enlarged mother cell (data not shown), and FACS analysis (see below) indicates they have replisingle cleavage at the LEU2 locus on chromosome III. Thus, Ku is not required to signal the initial G2/M arrest cated their DNA. Adaptation was also prevented in hdf1 rad52 double mutants (data not shown).
but plays a key role in the adaptation of G2/M arrested cells. Permanent arrest at the G2/M checkpoint is still under the control of the damage-sensing checkpoint genes;
These results are reflected in a FACS analysis of cells taken at intervals after the induction of HO ( Figure 3A ). an hdf1 rad17 double mutant fails to arrest permanently at G2/M ( Figure 1F ). We note, however, that hdf1 rad17
After 4 to 6 hr, both wild-type and hdf1 cells become arrested with a 2C DNA content, while rad17 and hdf1 strains divided less often than rad17 alone. This results scan for hdf1 in later time points may reflect some loss of cell cycle-dependent regulation of DNA synthesis, as observed for hdf1 mutants at their restrictive temperature (Barnes and Rio, 1997) , but may also reflect the very large size of these cells.
The Absence of HDF1 Affects 5 to 3 DNA Degradation The ends of a DSB are degraded primarily by one or more 5Ј to 3Ј exonucleases, producing long 3Ј-ended single-stranded DNA (ssDNA) tails (White and Haber, 1990; Tsubouchi and Ogawa, 1998) . In contrast, there is little 3Ј to 5Ј degradation (Ray et al., 1991) . Degradation of the DNA ends can be observed after digestion of the DNA with StyI. Because StyI cannot cleave ssDNA, a series of progressively longer restriction fragments terminating at the broken end are produced as 5Ј to 3Ј exonucleolytic digestion uncovers one after another StyI site ( Figure 4A ). Thus, the progression of 5Ј to 3Ј degradation can be monitored after denaturing gel electrophoresis, both by the kinetics of disappearance of the initial HO-cleaved StyI fragment and by the kinetics of appearance of a "ladder" of longer fragments. In the absence of HDF1, the rate of 5Ј to 3Ј degradation is increased about 2-fold, compared to wild type, resulting in the more rapid loss of both the HO-cut MAT fragment and the adjacent MAT-distal fragment (Figures 4B and 4C) . This is also reflected in the more rapid appearance of the early "rungs" of the ladder of larger StyI fragments. In contrast, as shown previously, the progression of degradation is reduced about 2-fold in both mre11 (Tsubouchi and Ogawa, 1998; also Figure 4D ) and rad50 (Sugawara and Haber, 1992, and additional data not shown). The rates of disappearance of the StyI MAT fragment are shown quantitatively in Figure 4E .
The rate of DNA degradation can also be measured by a slot blot (Sugawara and Haber, 1992) , where extracted DNA is probed with a strand-specific probe. When DNA is probed for the top strand experiencing 5Ј to 3Ј degradation, one can again see the more rapid degradation of sequences distal to the DSB in hdf1 cells and impaired degradation in mre11, compared to wild type ( Figure  4F ). By this same approach we assayed the rate of loss of the strand ending 3Ј at the DSB, using an oligonucleotide specific for the first 20 nt. Previous studies have wara and Haber, 1992) . There was no significant differhdf1 cells with a DSB at URA3. (E) rad17 cells with a DSB at MAT. ence in the slow rate of disappearance of the 3Ј end (F) hdf1 rad17 cells with a DSB at MAT. (G) mre11 has no effect on in HDF1 and hdf1 strains (data not shown). Thus, the cells with a lethal DSB at MAT, but the mre11 hdf1 double mutant relatively stable 3Ј ends produced by 5Ј to 3Ј exoescapes permanent G2/M arrest (H). The rfa1-t11 mutation has no nuclease activity are not affected by the absence of effect on an otherwise wild-type cell (I), but the rfa1-t11 mutation Hdf1p.
suppresses G2/M of an hdf1 cell (J).
The effects of additional mutants and mutant combinations are shown in Figure 5 . A mre11 hdf1 double mutant degrades DNA approximately at the rate seen rad17 cells show a distribution of 1C and 2C cells similar to logarithmically growing cells. By 12 hr, wild-type cells, in mre11, clearly much more slowly than hdf1 alone ( Figure 5D ). Although Rad17p has been suggested to too, have escaped G2 arrest and have begun to divide, producing cells with a 1C DNA content, while cells lackbe a 3Ј to 5Ј exonuclease, its absence has no effect on HO-generated DNA ends; rad17 hdf1 strain exhibits ing Hdf1p are still arrested. The distortion of the FACS roughly the same rate of degradation as does hdf1, while DSB, then mutations that retard DNA degradation should suppress this arrest. We showed this was the rad17 resembles wild type ( Figure 5E ).
case by constructing a strain with a single HO-cut site, at MAT, and that carries both hdf1 and mre11 ( Figure  Effect of the Amount of ssDNA on Permanent Cell Cycle Arrest 2H). As noted above (Figure 5 ), the double mutant degrades DNA more slowly than hdf1 strains. The hdf1 The observation that hdf1 increases the rate and extent of ssDNA formation raised the possiblity that its mre11 double mutant has the arrest phenotype of a wild-type HDF1 MRE11 strain. Similar results were obeffect on 5Ј to 3Ј DNA degradation was responsible for preventing escape from G2/M after a DSB. If this were tained with a hdf1 rad50 strain (data not shown). Consistent with this observation, we find that the permanent true, we should be able to cause the same arrest in wildtype cells simply by increasing the total load of ssDNA.
arrest of a haploid wild-type (HDF1) cell with two HO cleavage sites on chromosomes III and V is suppressed Thus, we combined the HO cleavage site at MAT with the site introduced at URA3. Cleavage at one or the by mre11 ( Figure 6B ). These results argue that the predominant effect of hdf1 on adaptation to G2/M arrest is other locus causes G2/M delay but not permanent arrest (Figures 2A and 2B) . However, induction of HO cutting at in accelerating the rate of 5Ј to 3Ј degradation, which is thus suppressed by a second mutation that slows both sites caused Ͼ90% of cells to become permanently arrested at G2 ( Figure 6A ). FACS analysis confirms that down degradation. these cells accumulate with a 2C content ( Figure 3B ). These results argue that cells are very sensitive to the A Mutant RPA Protein Suppresses hdf1-Induced G2/M Arrest amount of DNA damage they detect.
If cells respond to the amount of ssDNA that is being created by 5Ј to 3Ј exonuclease digestion, there are Suppression of Cell Cycle Arrest by Reducing 5 to 3 Degradation of Broken Chromosomes several ways that this event could be monitored by the cell's checkpoint apparatus. First, the cell might detect If the rate and extent of DNA degradation accounts for permanent cell cycle arrest in the face of one or more the amount of ssDNA by monitoring an unusual DNA degradation product, such as a di-or trinucleotide rethe very long (often Ͼ5 kb) ssDNA 3Ј-ended tails from enzymes that might degrade ssDNA. In the latter scemoved by a 5Ј to 3Ј exonuclease. Alternatively, it might be the extent of ssDNA that is assessed. To test this nario, the ssDNA would be destroyed and would not be available to interact with some unknown ssDNA-binding latter idea we took advantage of a mutation in the largest subunit of RPA, rfa1-t11, that causes a severe defect in protein that was part of the signaling system. To distinguish between these two possibilities, we asked whether homologous recombination of HO-induced DSBs (Umezu et al., 1998). We introduced the rfa1-t11 mutation into rfa1-t11 affected the extent of ssDNA production or the stability of the ssDNA generated after a DSB by 5Ј to 3Ј the wild-type and hdf1 strains discussed above. rfa1-t11 by itself has no visible phenotype in damageexonucleases. As shown in Figure 5 , rfa1-t11 by itself had no effect induced G2/M arrest or in subsequent adaptation. However, rfa1-t11 suppresses the permanent G2/M arrest on the rate of production or the stability of ssDNA. Had ssDNA been cleaved at random points along its length of hdf1 cells experiencing a single DSB, either at MAT ( Figure 2J ) or at URA3 (data not shown). Moreover, rfa1-or degraded from its 3Ј end, the "ladder" of progressively longer StyI restriction fragments, produced by the failure t11 suppresses the permanent arrest of an HDF1 strain suffering two DSBs ( Figure 6C) .
of StyI to cleave ssDNA, would have been reduced or eliminated, since the probe hybridizes to only the first The rfa1-t11 mutation could affect the regulation of cell cycle arrest in at least two ways. First, its binding 1 kb adjacent to the DSB (data not shown). However, the rfa1-t11 hdf1 double mutant was not significantly to ssDNA could be directly monitored as a measure of the extent of DNA degradation, possibly by titrating out different from the wild-type strain ( Figure 5D ), so that RFA might directly regulate degradation in this case. free Rpa1p in the nucleus or by interfering with the interaction of Rpa1p with other regulatory proteins. AlternaHowever, since the rfa1-t11 does not affect degradation in wild-type cells and suppresses permanent arrest tively, Rpa1p could be needed to stabilize and protect when there are two DSBs, it appears that the primary is prevented, a fragment of larger molecular weight would be produced, and the original band would disaprole of RPA is in responding to the presence of the DSBs rather than regulating degradation.
pear. We found that degradation in wild-type and hdf1 strains progressed beyond RAD18 between 6 and 12 hr, but there was no significant loss of HMR until 24 hr, Cell Cycle Arrest in Cells Where a DSB Is Not Inherently Lethal long after wild-type cells had adapted (data not shown). These data are consistent with previous observations We also examined the effect of hdf1 on cell cycle arrest and survival of strains in which a DSB would not be that a broken chromosome VII could persist for as many as ten cell divisions (Sandell and Zakian, 1993) . The lethal. We tested the same rad52 disomic strain used previously by Toczyski et al. (1997) to demonstrate the difference between hdf1 and wild type is less apparent at these long distances. As we discuss below, the rates roles of CDC5 and CKII in adaptation to HO-induced G2/M arrest. In this strain, an HO-induced DSB causes of DNA degradation may change as resection continues. the slow loss of a chromosome to restore a euploid viable haploid, and more than 90% of rad52 cells were Discussion able to grow into colonies (Figure 7 ) (Sandell and Zakian, 1993) . In contrast, an hdf1 rad52 derivative experiences
Mutations that affect the rate of 5Ј to 3Ј degradation of broken DNA, producing long 3Ј ended ssDNA tails, alter permanent G2/M arrest, and only 10% of cells grew into colonies, very similar to the identical strain lacking CDC5 the cell's checkpoint response to DNA damage. Situations that increase the amount of ssDNA cause a permaor CKII (Toczyski et al., 1997) . nent G2/M arrest that is dependent on RAD9, RAD17, and presumably the other checkpoint genes. The Hdf1 Escape from G2/M in Wild Type Is Not Dependent on the Complete Loss (yKu70) protein is involved in this process, not as part of the actual signaling machinery responding to the of the Broken Chromosome In the absence of recombination, HO-cut DNA is represence of a DSB, but as a consequence of its effect on the rate of 5Ј to 3Ј degradation. Mutations that retard sected by 5Ј to 3Ј exonucleases that create very long ssDNA regions that are eventually lost (White and Haber, 5Ј to 3Ј digestion have the opposite effect and suppress permanent arrest. Signaling appears to be mediated 1990; Sugawara and Haber, 1992; also Figure 4 ). To confirm that degradation had not completely eliminated through the ssDNA-binding protein RPA. An rfa1-t11 mutation has no effect on DNA degradation per se but the broken chromosome, these Southern blots of StyIdigested DNA were probed with sequences more distal nevertheless suppresses DSB-induced permanent G2/M arrest. on the same chromosome arm, at RAD18, 31 kb distal to MAT, and near HMR, 90 kb distal to MAT. If these Our data suggest that Ku may be in competition with 5Ј to 3Ј exonucleases at DNA ends. In the absence of regions become single-stranded and digestion of a StyI The GAL::HO gene was induced by adding galactose to the medium, and the cells were incubated in liquid medium for 24 hr as described by Toczyski et al. (1997) . G1 cells were then plated and were monitored 24 hr later. been implicated in nonhomologous end-joining repair, SIR2, SIR3, and SIR4 (Tsukamoto et al., 1997) . Our preliminary data indicate that sir2, sir3, and sir4 mutants have no effect on escape from G2/M arrest in either wild-type or hdf1 cells.
We also note that a Ku86-deficient mouse cell line is impaired in its exit from the G2 stage of the cell cycle even though X-ray damage can be repaired (Lee et al., 1997) . This observation suggests that the Ku proteins unveiled by the discovery that a human protein that interacts with human homologs of Mre11p and Rad50p encodes the protein responsible for Nijmegan Breakage Syndrome, in which cells are defective in DNA repair yeast's Ku70 protein, the rate of degradation is doubled.
and fail to arrest in response to DNA damage (Carney The effect of Ku is not simply to protect the initial DSB et al., 1998) . Although the yeast Mre11 and Rad50 proend; rather, it continues to affect the rate of resection teins do not appear to act in establishing the G2/M of DNA that has extended many kilobases down the checkpoint, their role at this stage may be obscured by broken chromosome. We note that HDF1 does seem to the presence of other redundant proteins, such as other play some role in what may be a secondary checkpoint.
5Ј to 3Ј exonucleases (Tsubouchi and Ogawa, 1998) . The induction of a lethal DSB in rad17 cells causes no G2/M delay, but a transient delay is seen in hdf1 rad17 and in hdf1 rad9 cells, suggesting that the lack of Hdf1p RPA Plays a Key Role in Adaptation Another key observation is that adaptation, but not the allows some other checkpoint to function. Support for the idea that RAD9 and RAD17/RAD24/MEC3 operate initial checkpoint arrest, is suppressed by a repairdefective mutation in the largest subunit of RPA, rfa1-in additive interacting pathways has recently been published by de la Torre-Ruiz et al. (1998) .
t11. We have shown that this mutation by itself has no effect on the extent or stability of ssDNA resected from Although hdf1 and mre11 appear to have the same defects in nonhomologous end joining of DSBs (Boulton the HO-cut ends, yet it suppresses the inhibition of adaptation in three different HDF1 cells with two broken and Jackson, 1996; Milne et al., 1996; Tsukamoto et al., 1996a Tsukamoto et al., , 1996b , they play antagonistic roles in the control chromosomes. However, the mutation does appear to slow the more rapid degradation seen in hdf1 cells. We of G2/M adaptation. A third set of genes have recently cannot tell whether this effect comes from a direct interFor one thing, DNA repair can occur in subsequent generations. Repair may entail the following: (a) the restoraaction of the mutant protein with the degradation mation of the distal part of the chromosome by extensive chinery or from an indirect role. We note also that the break-induced replication of at least 100 kb of DNA effect of rfa1-t11 differs from a suppressor of the checkdistal to the break point, copied from an intact homolog point itself, as a rad17 hdf1 mutation degrades DNA (Malkova et al., 1996; Morrow et al., 1997) ; (b) creation indistinguishably from hdf1 alone.
of deletions by nonhomologous end joining (Kramer et The idea that RPA plays a role in DNA damage sensing al., 1994); or (c) the formation of new telomeres (Kramer has been proposed both in yeast and in mammalian and Haber, 1993; Sandell and Zakian, 1993) . Indeed, cells. In mammals, it has been shown that RPA becomes some types of repair might be enhanced or only possible phosphorylated in response to DNA damage and the during S phase . presence of ssDNA (Liu and Weaver, 1993; Carty et al., Our results suggest that adaptation to DNA damage 1994; Boubnov and Weaver, 1995) . Furthermore, RPA in budding yeast is delicately calibrated. A 2-fold inbinds and represses the transcriptional regulator p53, crease in the rate of 5Ј to 3Ј DNA degradation from and this repression is apparently lost when RPA binds a broken chromosome end is apparently sufficient to to ssDNA (Abramova et al., 1997) and RPA's binding to convince the checkpoint machinery that further growth ssDNA is also affected (Dutta et al., 1993 . Conphosphorylates RPA in DNA-damaged yeast (Brush et struction of the mre11::hisGЈ strain (JKM187), rad50::hisGЈ strain al., 1996). Since both CDC5 and CKII are implicated in (JKM188), and rad52::TRP1 strains was previously described . Construction of the hdf1::URA3 strain (JKM181) adaptation (Toczyski et al., 1997) , there is no shortage and the rad17::LEU2 strain (JKM180) was done using plasmids of protein kinases that might modify either RPA or other pBRWS-HDF1-URA3 constructed by Siede et al. (1996) or plasmid proteins such as Mre11. Rfa1p has been shown to interpDL183 constructed by Lydall and Weinert (1995) , respectively. rad9 act genetically with Rad52p (Firmenich et al., 1995;  mutants were constructed using a PCR-derived KAN MX module Smith and Rothstein, 1995) , and the human hRpa2 and flanked by short terminal sequences homologous to the ends of the hRad52 proteins have been shown to interact physically RAD9 open reading frame (Wach et al., 1994) . The rfa1-t11 mutation is a K45E single base pair substitution that was introduced by inte- (Park et al., 1996) . However, such an interaction does gration and excision of a YIp5 (URA3-containing) plasmid. Double not seem to be part of the adaptation process, as escape mutants were obtained from meiotic segregation of crosses of single from G2/M arrest occurs in rad52 strains. One striking aspect of Ku-regulated escape from G2 Deletion of the HO cleavage site at MAT was achieved by transarrest is the long time required for wild-type cells to forming strains with a linearized plasmid in which the 117 bp BglIIHincII region containing the HO recognition sequence was replaced resume growth. Sandell and Zakian (1993) ruled out the by a hisG::URA3::hisG fragment (Alani et al., 1987) . Ura ϩ transpossibility that cells only resume growth after the broken formants that had replaced the cutting site were subsequently chromosome is completely degraded. We entertain sevplaced on 5-fluoroorotic acid-containing plates (Boeke et al., 1984) eral explanations. First, the induction of a checkpoint to obtain Ura derivatives containing a single HisG region. A 117 response may involve the transcriptional repression of
MATa-derived HO-cut site was introduced adjacent to URA3 as described by Sugawara and Haber (1992) , except that the centroa relatively long-lived protein that would persist for many mere distal ura3-52 locus was deleted by a THR4 gene fragment, hours but would have to disappear before cells can so that there was no homology flanking the HO-cut site. This same resume growth. The rate of its turnover might be regu-cessive but be unable to reassociate with degraded DNA with a long ssDNA tail once it had dissociated. In these would attempt to grow even with a broken chromosome.
